ABSTRACT: Poorly crystallized lepidocrocites precipitated from ferriferous spring waters differ from better crystallized samples by differentially broadened X-ray diffraction lines and higher basal spacings. On the basis of high magnification EM, this was explained as due to the fact that the lath-like crystals consist only of 3 15 unit layers with possibly weakened H-bonding between the layers. These properties are analogous to those of the so called 'pseudoboehmite' as compared to boehrnite. Poorly crystallized lepidocrocites, exhibiting similar features, were synthesized by oxidation of Fe(I1) solutions. From these experiments it was suggested that such lepidocrocite forms in nature by a rapid oxidation of Fe 2 + in spring water when it emerges at the surface.
INTRODUCTION
'Pseudoboehmite' is considered to be a phase which deviates from boehmite (7-A 100H) mainly by its low crystallinity (Tertian et al., 1953) . The X-ray diffraction (XRD) patterns show only the strongest lines (020, 120, 031, 200) , which are markedly, but not equally, broadened (Lahodny-Sarc et al., 1978) , and the 020 line is shifted from 6-11 tk to 6.6-6.7 A. The lower crystallinity, and consequential higher specific surface, is accompanied by an increase in the H20/A1203 ratio over what is expected in boehmite (Pap~e et al., 1958) .
The Fe isostructural analogue of boehmite is lepidocrocite, 7-FeOOH, for which a corresponding poorly crystallized variety, displaying broadened XRD lines and increased do20 values, has also been observed. Feitknecht & Michaelis (1962) hydrolyzed an Fe(C104)3 solution to 30~ by adding NaHCO3 and, after storage for one year at room temperature, detected a lepidocrocite whose XRD reflections were also markedly, but not evenly, broadened. The width of the four strongest lines followed the order 020 > 031 > 120 > 200. This should indicate long and very thin platelets, i.e. development both in the a and c axis directions in strong preference to that along the b axis. Due to extreme broadness the position of the 020 line was not determined.
This type of poorly crystallized lepidocrocite also occurs in nature. Towe & Riitzler (1968) reported a lepidocrocite which was embedded in the spongin fibres of some keratose sponges. Its lath-like crystals, < 3 nm thick, gave only the five strongest lines on XRD and d020 increased to 6.85 A instead of the normal 6.27 A. Also, Bloomfield & Brown (1968) described a lepidocrocite with a particularly broad 020 line at 6.7-6-8 A, which was assumed to have formed through bacterial oxidation in a tile drain. A synthetic sample of similar nature was prepared by these authors by aerial oxidation of a mixed Fe(II) sulphate and Na malonate solution, and the higher basal spacing was explained by intercalation of some malonate anions between the FeOOH layers.
In contrast, soil lepidocrocites are usually well crystalline, and do not show much line broadening and line shift (see e.g. Schwertmann & Fitzpatrick, 1977) . However, recently two samples of poorly crystalline lepidocrocite were found as an ochrous oxidation product of Fe containing spring waters. It appears that a more detailed study of this type of lepidocrocite is needed, and to elucidate its genesis, a number of synthetic samples with similar properties were prepared.
SAMPLES
In an earlier study (Schwertmann & Thalmann, 1976) it was found that the crystallinity of lepidocrocite produced by aerial oxidation of FeC12 solutions at room temperature was lower, the lower the Fe(II) concentration and the pH of the system. Two samples of this study were included, which were obtained from oxidation of a 0-0125 M FeC12 solution at pH 6.0 (PT 63) and pH 5-5 (PT 65). Sample RMT 36 and RMT 152 were obtained through oxidation of a 0.005 M Fe(HCO3)2 solution with 100 ml air/min at pH 6-7. Two further samples were prepared by oxidizing FeCI2 solutions containing 0.10 M Fe(II)+0.005 M AI (RMT 68) and 0.14 M Fe(II) +0.0014 M AI (RMT 121) at pH 7.0. A1 was added to these systems because it can impede crystallization of lepidocrocite (De Villiers & Van Rooyen, 1967; Taylor & Schwertmann, 1978) . For comparison, a well crystallized lepidocrocite prepared by oxidation of a more concentrated Fe(II) solution (0.15 M) at pH 7 was included (P 23).
The natural samples came from two localities in South Africa (SA 48: Harrismith, O.F.S. and SA 148: Hopewell, Natal), where Fe containing spring water appearing at the surface form a heavy ochrous precipitate through aerial oxidation. After collection, the precipitate was air dried and gently crushed. A subsample was oxidized with H202. These samples were compared with a 'normal' i.e. well crystallized lepidocrocite (SA 59) which was isolated from an orange band in a hydromorphic soil from Loteni, Natal, South Africa (Schwertmann & Fitzpatrick, 1977) . METHODS X-ray diffractograms were obtained on gently pressed dried powder samples scanned at l~ using CoK~ radiation and a Philips diffractometer fitted with a reflected beam graphite monochromator. Differential thermograms were run with a Linseis instrument using 50 mg samples, haematite as inert material and a heating rate of 10~ IR absorption spectra were recorded from KBr disks with a Beckman IR-20 A spectrometer after heating the disk for 1 h at 120 and at 200~ Electron micrographs were made with a Zeiss EM 10 at 80 kV.
RESULTS AND DISCUSSION

X-ray diffraction
The poorly crystallized lepidocrocites both natural and synthetic, show features which make them markedly different from well crystallized samples (Table 1) (Fig. 1) . The differential line broadening can be interpreted as follows: lepidocrocite has a layer structure and consists of zig-zag rows of Fe0-OH octahedra linked together through H-bonds (Ewing, 1935; Christensen & Christensen, 1978) . Impeded crystal development is manifested predominantly by a reduced growth in the crystallographic b-direction, i.e. normal to the layer (a-c plane). The resultant thin plates or laths lead to a strong broadening of basal 0k0 lines of which only the 020 line is normally clearly observed. Non-basal lines should be the broader the smaller the angle between the corresponding plane and the basal plane i.e. the higher k, and this effect is approximated in these samples.
Samples RMT 68 and RMT 121, prepared in the presence of A1, show a shift of the 200 line from 1-935/~ (ASTM No. 8-98) to 1.924 ~ suggesting some substitution of Fe by A1, which, if the Vegard rule is followed, would amount to approximately 15 mol ~ A1 (this aspect is to be described elsewhere).
In natural and synthetic samples, poorly crystallized lepidocrocite appears to be frequently associated with ferrihydrite, suggested by an X-ray line at 2-2 A (F in Fig. 1 ). The main ferrihydrite peak at 2.5 A, although partly masked by the 031 lepidocrocite line, is still recognizable by its low angle deviation from the basal line between 2.9 and 2-6 A. FlG. 1. X-ray diffraction traces of various lepidocrocites. For clarity, peaks due to impurities present in the natural samples were omitted (dotted parts of the curve).
Infrared analysis
Well crystallized lepidocrocite (P 23) shows OH absorption modes at ~3400 and 3100-3150 cm-1 for OH stretching, and at 1150, 1020 and 750 cm-1 for OH bending. All poorly crystallized lepidocrocites show a very large reduction in their absorption intensity (Table 1) which is roughly correlated with XRD line broadening. This marked reduction in absorption intensity must partly be attributed to impurities, particularly ferrihydrite, but may also be the result of disorder. The absorbance per mg ranged between 0.930 and 0.183 for 14 nearly pure synthetic lepidocrocites of widely varying crystallinity, as determined again by line broadening (WHH02~6 = 0.26-1.60~
and specific surface area (18 262 mZ/g) (Schwertmann, 1973) . Absorbance was negatively correlated with log surface area (r 2 = 0.939, P < 0.001) in these samples and this correlation was interpreted as due to varying degrees of crystal disorder (Janik & Raupach, 1975) .
The IR spectrograms were run after heating at 120~ and 200~ At 200~ the lepidocrocite disappeared in all samples except in the two with presumed AI substitution. Its persistence in these at 200~ shows a higher thermal stability of A1 substituted lepidocrocite over a nonsubstituted one of similar crystallinity.
DTA
There is a trend towards lower dehydroxylation peak temperatures for the poorly crystalline lepidocrocites (<260~ as compared to the well crystalline samples (~270~ except again for the two Al-substituted samples (RMT 68, 121). In spite of extremely low crystallinity, their endotherms occur above 270~ underlining their higher thermal stability.
Electron microscopy
More direct evidence of the poor crystallinity was obtained from high magnification electron micrographs (Fig. 2) . These show the two dominant components of most samples to consist of small (~ 2-5 nm) spherical particles and thin bent laths. The former represent the ferrihydrite in agreement with earlier work (Schwertmann & Fischer, 1973) , while the laths are lepidocrocite crystals.
If well crystallized, lepidocrocite forms serrated plates which usually lie with their basal plane (0k0) parallel to the grid surface. This shows that the axial development, because of limited growth in the b-direction, is in the order a-~ c ~> b. However, if crystal growth is limited also in the c direction, the length along the c axis becomes similar to that in the b direction (a plate becomes a lath). In these cases the crystal would more probably lie with its (001) face parallel to the grid. This makes it possible to look parallel to [0k0] and, at high magnification, observe the single unit layers separated by the 020 spacing (Fig. 2) .
Most of the crystals consist of 2 10 unit layers whose periodicity averaged 0-62 nm, approximating very closely the d020 at 6-27 A, as obtained from XRD. For a range of WHH of the 020 line between 1.8 and 4~ (as is the case for the 4 samples in Fig. 2 , see Table l ) the Scherrer formula yields a mean crystallite dimension _1_ 0k0 (plate thickness) between 5-0 and 2.2 nm, corresponding to between 8 and 4 unit layers. This agrees reasonably well with the EM observations. * WHH =width at half height. The shift of the 020 line to values slightly higher than 6.27/~ is more likely due to a reduced bonding strength between the layers in these few-layer-crystals rather than to the intercalation of H20 or any other compound. This interpretation is supported by the EM photos on which no substantial variation in the interlayer distance (e.g. 2-5 A for 1 H20 layer) is visible. Further support comes from wedge shaped single layer separation at the edge of very thin laths (see arrow in Fig. 2) where external influences, competing with the interlayer hydrogen bonds, are strongest. This should lead to a range of layer distances > 6-27 A, confirmed by asymmetric 020 XRD lines towards lower angles (see XRD of sample SA 148 in Fig. 1 ). Heating to ll0~ (11-5~ total weight loss) made the asymmetry disappear, probably because the external influences were minimized.
Genesis and transformation of poorly crystallized lepidocrocite
During synthesis poorly crystallized lepidocrocite could be prepared from the rapid oxidation of a dilute Fe(II)solution. A similar situation might exist in Fe containing spring waters which, on contact with air at the surface, will be rapidly oxidized to form poorly crystallized lepidocrocite. In contrast, in heavy textured hydromorphic soils, where well crystallized lepidocrocite is often found, the local Fe concentration in the pore water might be substantially higher. Furthermore, the oxidation rate of Fe 2+ is low, so that the crystal can grow over a long period of time.
Although relatively unstable, the natural poorly crystallized lepidocrocite is stabilized by organic compounds. After treatment with H202 the lepidocrocite in sample SA 82 partly transformed via solution within 40 days to the more stable polymorph, goethite, whereas no conversion took place without this pretreatment (Schwertmann & Fitzpatrick, 1977) .
Nomenclature
It has been shown in this paper, that, although analogous to what is called 'pseudoboehmite', the poorly crystallized lepidocrocite is not principally different from a well crystallized one. The term 'pseudolepidocrocite' should therefore not be used for this mineral. For the same reason it appears questionable whether the prefix 'pseudo' is justified for boehmite that is merely poorly crystallized.
RI~SUMI~: Les l~pidocrocites mal cristallisees pr~cipit+es 5. partir d'eaux de sources ferriferes diff6rent des 6nchantillons mieux cristallis6s par des raies de diffraction X pr6sentant un 61argisse-ment diff+rent et par des espacements plus grands des plans de base.
Grace ~ la microscopie 61ectronique fi grandissement 61ev&, cela a &6 expliqu6 comme &ant dO au fait que les cristaux lamellaires ne comprennent que 3 ~ 15 couches 61+mentaires avec des liaisons H peut-etre affaiblies entre les couches. Ces propri&6s sont analogues fi celles de ce qu'on appelle 'pseudo-boehmite', par comparaison avec la boehmite. Des 16pidocrocites real cristallis6es pr6sentant des caract6ristiques analogues ont 6t+ obtenues par synth+se en oxydant des solutions de Fe (II). A partir de ces exp6riences il a &6 sugg~r6 qu'une telle l~pidocrocite se forme dans la nature par une oxydation rapide de Fe 2+ dans l'eau de source lorsqu'elle +merge gtla surface.
K U R ZR EF ERA T: Schlecht kristallisierter Lepidokrokit aus Quellabs~itzen unterscheidet sich von gut kristallisiertem durch differentiell verbreiterte R6ntgenreflexe und einen h6heren Basisabstand d020. Wie elektronenmikroskopische Bilder bei starker Vergr6Berung zeigen, beruht dieses darauf, dab die leistenf6rmigen Kristalle nur aus 3-15 Elementarschichten bestehen, zwischen denen die H-Briickenbindung offenbar geschw~icht ist. Diese Situation ist der beim sog. 'Pseudoboehmit' analog. Lepidokrokite dieses Typs wurden durch Oxidation von Fe(II)haltigen L6sungen synthetisiert undes wird in/,Jbereinstimmung mit diesen Experimenten vermutet, dab dieser Lepidokrokit-Typ durch schnelle Oxidation Fe 2 +-haltiger Quellwfisser bei ihrem Austritt entsteht.
RESUMEN: Las lepidocroquitas pobremente cristalizadas precipitadas de aguas ferriferas de manantial difieren de muestras rnejor cristalizadas pot lineas de difracci6n de rayos X ensanchadas diferencialmente y espaciamientos de bases mils altas. Sobre la base de EM de gran aumento, la explicaci6n era que se debia a que los cristales alistonados consisten s61o en 3 capas de 15 unidades con uni6n H posiblemente debilitada entre las capas. Estas propiedades son an~.logas a las de la llamada 'pseudobohemita', en comparaci6n con la bohemita. Se sintatizaron lepidocroquitas mal cristalizadas que mostraban caracteristicas similares por oxidacibn de soluciones Fe(II). Partiendo de estos experimentos se sugiri6 que esa lepidocroquita se forma en la naturaleza por una oxidaci6n r~pida de Fe 2+ en el agua de manantiales al salir a la superficie.
